I?
olycyclic aromatic hydrocarbons (PAHs) comprise a class of hazardous compounds that are widely distributed throughout the environment as complex mixtures and are of interest to the U.S. EPA. Certain PAH isomers are known potent mutagens or carcinogens [Il. Most studies of PAHs in environmental samples have focused on PAHs that contain six fused rings or fewer (MW < 300 u), even though the presence of high-molecular-weight l?AHs (MW > 300 u) has been demonstrated in many environmental samples contaminated with carbon black, coal tar, petroleum, diesel fuel, and associated by-products. Evidence suggests that high-molecular-weight PAHs are tal samples include low vapor pressure, solubility decline with increasing molecular weight, rapid increase in the number of isomeric possibilities with increasing molecular weight, inability of routinely acquired mass spectra to distinguish isomers, and lack of readily available analytical reference standards. Despite difficulties, a considerable amount of data concerning high-molecular-weight PAHs have been accumulated in recent years. Many of the analytical techniques employed to study high-molecular-weight PAHs make use of high-performance liquid chromatography (HPLC) to isolate sample components followed by ancillary measurement by ultraviolet/visible (UV/vis) spectrophotometry, fluorescence spectroscopy, or mass spectrometry.
Schmidt et al. [6] used thin layer chromatography and HPLC to isolate 18 PAHs with molecular weights 300 and 302 u from hard-coal flue gas condensate. Eleven PAHs were unambiguously identified by gas chromatography, mass spectrometry, UV, and fluorescence detection. Peaden et al. 171 utilized HPLC with mass spectrometry and fluorimetry to identify tentatively more than 40 PAHs in the molecular weight range 300-448 u in a carbon black extract. Hirata et al. [8] subsequently compared capillary gas chromatography (GC) with capillary HPLC for the analysis of a carbon black and a coal-tar extract. Although only a few PAHs were unambiguously identified, PAHs of up to eight fused rings were observed by gas chromatography-mass spectrometry (GC-MS) on a short, thermally stabilized glass capillary, and PAHs of up to 11 fused rings could be inferred by capillary HPLC. Hirose et al. [9] used a packed capillary liquid chromatography (LC) column in conjunction with mass spectrometry to identify tentatively over 100 PAHs with molecular weights up to 400 u in a carbon black extract. Colmsjo and Ostman [lo] used HPLC to isolate PAHs with molecular weights up to 400 u, as determined by off-line mass spectrometry, from a carbon black extract; nine of these were unambiguously identified by Shpol'skii fluorescence. Similarly, Wise et al.
[ll] identified 13 PAH isomers with molecular weight 302 u in a coal tar extract by HPLC with off-line mass spectrometry in conjunction with Shpol'skii fluorescence.
To avoid the time-consuming and tedious fraction collection and off-line measurements, some investigators have examined on-line measurement of highmolecular-weight PAHs. Romanowski et al. [12] determined PAHs with molecular weights up to 456 u in a coal tar extract by using GC-MS with a modified high temperature interface. Fetzer et al. [13] used conventional HF'LC with photodiode array detection to identify 13 high-molecular-weight PAHs in diesel exhaust particulates; identification was based on comparison of W/k spectra and retention times with those of authentic standards synthesized in their laboratory. Wright et al. [14] utilized supercritical fluid chro matography with a capillary column and pentane as the mobile phase to demonstrate elution of PAHs that contained up to an estimated 12 fused rings from a carbon black extract; detection was by on-line fluorescence, but the feasibility 'of detection by mass spectrometry by using an atmospheric pressure ionization source was discussed. More recently, Wise et al. [15] measured several PAHs with molecular weights 278 and 302 u in four environmental standard reference materials. Normal-phase LC was used to isolate the PAH isomer groups, which were then analyzed by reversed-phase LC with fluorescence detection. Doerge et al. [16] developed PB LC-MS methods to detect and measure PAHs and oxygenated metabolites in sediment and water samples from the Exxon Valdez oil spill in Alaska. Molecular weights of analytes ranged from 228 to 308 u. Perreault et al. [17] demonstrated the use of a moving belt interface to couple conventional Hl?LC with a mass spectrometer in an effort to characterize high-molecular-weight
PAHs in an extract of a coal-tar pond sample; many PAHs in the molecular weight range 326-580 u were observed.
In a previous study sponsored by EMSL-LV, a PB LC-MS-based method was developed to measure the levels of 12 PAHs with molecular weights that ranged from 228 to 302 u in soils and sediments [18] . One result of that work was evidence for the presence of high-molecular-weight PAHs (MW > 300 u) in an environmental soil sample. The work described in our current report is an examination of PB LC-MS analysis for the measurement of high-molecular-weight PAHs. Instrument response characteristics, solubility, chromatographic conditions, sample preparation, and analysis of environmental samples were all investigated. The LC-MS system consisted of a Hewlett-Packard (HP; Avondale, PA) 109OL liquid chromatography, HP 59980A PB interface, and an HP 5988A quadrupole mass spectrometer. Instrument operation and data processing were under the control of an 59970 mass spectrometry Chemsta tion.
Experimental
The liquid chromatograph used a 250~mm x 4.6~mm i.d. Vydac 201 TP polymeric C-18 column with S-pm particle size to separate the targeted PAHs (Separations Group, Hesperia, CA). The HPLC was operated at a flow rate of 0.4 mL/min and a column compartment temperature of 40 "C. The nonaqueous reverse-phase solvent program consisted of isocratic operation for the first 8 min with 100% methanol, programming to 60:40 methanoLTHE in 32 min, then to 100% THE in 20 min, and isocratic with 100% THF for an additional 5 min (65~min total analysis time). Reequilibration of the column was accomplished by employing the initial conditions for 10 min prior to the next injection.
The PB interface was operated at a desolvation chamber temperature of 45 "C. The nebulizer capillary position and helium flow rate were set to maximize mass spectrometry response to the m/z 302 ion from lo-ng dibenzda,h)pyrene.
This was accomplished by using selected ion monitoring (SW at m/z 302 under flow-injection conditions (bypassing the analytical column> with a mobile phase composition of methanol:THF (1:l) at a flow rate of 0.4 mL/min.
The mass spectrometer was operated with a source temperature of 325 or 350 "C, 70-eV electron energy, and an emission current of 300 PA, and it was tuned with perfluorotributylamine to maximize the m/z 414 ion intensity with a mobile phase composition of methanolTHE (1:l) at a flow rate of 0.4 ml/mm. The mass spectrometer was scanned from 140 to 600 u at a rate of 0.4 scans/s. For SIM data acquisition, a dwell time of 225 ms was used for each PAH molecular ion, which resulted in 0.4 cycles/s (eight ions monitored simultaneously). plant in the Pacific Northwest. Soil (10 g> was extracted with 300-mL chlorobenzene in a Soxhlet apparatus for 24 h. The resulting extract was then reduced to a volume of 20 mL on a rotary evaporator. The extract was then evaporated to near dryness in a heated sand bath under a stream of nitrogen. The extract residue was sonicated with two 5-mL portions of methanokwater (80:20). The 5-mL portions were passed through a 6-mL reservoir C-18 (lOOO-mg) solid phase extraction WE) cartridge (B &J). A total of 10 mL of chlorobenzene then was used to elute the high-molecular-weight PAHs from the cartridge. The SPE cleanup was found to remove adequately the bulk of lowmolecular-weight PAHs from the extract. The volume of the chlorobenzene extract was reduced to 1 mL for analysis of the spiked soil samples.
Sample Preparation

Results and Discussion
Sixteen PAHs initially were selected for the study. Their names and molecular weights are listed in Table  1 , and their corresponding molecular structures are displayed in Figure 1 . The PAHs were selected primarily on the basis of their availability as pure standards.
To gain perspective on PB sensitivity, selected high-molecular-weight PAHs were injected under flow-injection conditions and the response was measured in the full-scan mode and then by SIM on the molecular ion of interest. The mobile-phase composition was methanolTHF (1:l) at a flow rate of 0.4 mL/min.
An ion-source temperature of 325 "C was used. These experiments were. conducted bv miection of decreasing imounts of analyte until the re&ing signal was observed to be about three times the baseline noise. The estimated instrument detection limits Table 1 .
(IDLs) were determined to range from 10 to 54 ng in the full-scan mode and from 0.1 to 1.3 ng by SIM. Thus, SIM was 1-2 orders of magnitude more sensitive than the full-scan mode. A transitional region in IDLs was observed between molecular weights 350 and 376 u; the IDL increased by a factor of 2 to 3 in the full-scan mode and a factor of u 10 in SIM. The observed decrease in sensitivity with increasing molecular weight in the full-scan and SIM modes might be attributed to high-mass bias of the quadrupole instrument and perhaps to the effects of ion-source temperature.
The operational ion-source temperature limit of 350 "C may not be high enough to vaporize the higher mass PAHs to the extent (or at the same rate) that lower mass PAHs are vaporized, which resulted in a decrease in the effective ionization efficiency. Additionally, for SIM measurement, the increase in IDLs also may be attributed to the tendency of PB electron impact (EI) of PAHs to yield proportionately more abundant doubly charged ions than singly charged molecular ions at higher molecular weight. Only the singly charged molecular ions were measured in these experiments.
The PB EI full-scan mass spectra of the high-molecular-weight (MW > 300 u) PAHs are similar to the mass spectra of low-molecular-weight (MW < 300 u) PAHs in that they are relatively simple. The two principal ions formed are the molecular ion and the doubly charged molecular ion. Significant intensity also was observed at mass-to-charge ratio values that correspond to the loss of one to four hydrogens from the principal ions. Figure 2 displays the PB EI mass spectra of dibenzofa,hlpyrene (MW 302 u) and naphthd2,3-alcoronene (MW 400 u). The most apparent trend in the PB mass spectra of PAHs generated in this study is the increase in relative abundance of the doubly charged molecular ion with increasing molecular weight. For PAHs with molecular weights greater than approximately 350 u, the doubly charged molecular ion accounts for the base peak. This trend might be rationalized by the fact that as the size of the PAH molecule increases, the second ionization potential decreases, which increases the probability that interaction with a 70-eV electron will result in a doubly charged ion. Other experimental data indicate that the PB mass spectra of the high-molecular-weight PAHs are variable and depend not only on molecular weight, but also on ion source temperature and concentration.
During some of the initial PB experiments, it was discovered that instrument response to PAHs varied when different brands of THF were used in the mobile phase. The EI mass spectra of the THE (MW 72 u) that gave an enhanced response displayed a significant ion at m/z 87 (m/z 174 by negative ion chemical ioniza- tion with CO,), whereas the THF that did not give an enhanced response did not contain this background ion. THF is known to degrade on exposure to air to form peroxides, and the enhanced response could be due to a "carrier effect" caused by impurities [19] . An experiment was conducted to estimate the relative solubilities of the higher mass PAHs in seven different solvents by using diindenoperylene as the test solute. The following solvation order was observed: THF > chlorobenzene > methylene chloride > benzene > toluene > xylenes Z+ isooctane. Because THF has the tendency to form peroxides, chlorobenzene is a better choice for stock solutions, extractions, or for any situation where the PAHs are to be in solution for a prolonged period of time. The diindenoperylene selected for this study may not be representative of all PAH structural types, and the preceding solvation order should be considered in the most general sense.
Chromatography
A Vydac 201 TP polymeric C-18 reverse-phase column was selected for this work. The literature on the HPLC separation of the high-molecular-weight PAHs reports that polymeric C-18 bonded-phase packings achieve better separation of isomeric PAHs than octadecylbonded silicas [ll, 20-221. Elution behavior of the smaller PAHs 0vlW < 300 u) on the polymeric C-18 packings has been correlated to molecular size and shape. The length-to-breadth ratio (L/B) is a parameter developed to characterize PAH shape [23] . PAHs that have larger L/B ratios are retained more than those with smaller L/B ratios. For larger PAHs, the degree of planarity becomes an important factor in determining elution behavior on the polymeric C-18 bonded phases [20, 211 . The planar PAHs are retained longer than nonplanar PAHs. Retention anomalies occur when solvent-solute interactions induce nonplanarity in otherwise planar PAHs. These interactions are thought to be a function of intramolecular steric strain in the larger PAH molecules [24] .
Most mobile-phase compositions for nonaqueous reverse-phase separations of large PAHs utilize acetonitrile or methanol as the weak solvent and ethyl acetate or methylene chloride as the strong solvent. Chlorobenzene and THF have been shown to be the strongest solvents for elution of high-molecular-weight PAHs, followed by chloroform and methylene chloride [22] . Methanol was selected as the weak solvent and TI-IF was selected as the strong solvent for this work. Both selections were based primarily on PB sensitivity. By direct comparison under flow-injection conditions with dibenzda,h)pyrene, methanol was found to be better than acetonitrile for sensitivity and, likewise, THF was better than methylene chloride.
A typical SIM PB LC-MS total ion chromatogram of the targeted PAHs is shown in Figure 3 . An ion source Table 2. temperature of 325 "C was used. Peak identities, along with retention times, capacity factors (k'), and retention-time percent relative standard deviations (RSD) are listed in Table 2 . The solvent program was capable of near baseline resolution for most components. Of the two unresolved pairs, one pair-naphthd2,3-e)pyrene and dibenzda,e)pyrene-was better than 50% resolved; the other pair-dibenzda,h)pyrene (MW 302 u) and dibenzo(h,rst)pentaphene (MW 352 u)-can be mass-resolved.
Column temperature can play a significant role in the elution behavior of the high-molecular-weight PAHs on polymeric C-18 packings. Jinno et al. [25] reported that at higher temperatures the polymeric C-18 selectivity for planarity decreased and was lost at temperatures greater than 40 "C. In previous work sponsored by EMSL-LV, temperature-dependent variation in PAH retention on the polymeric C-18 packing was reported [18] . Retention times were observed to decrease by as much as 3% over a 4-h period as ambient temperature increased. To stabilize retention times, the column temperature must be kept constant. The HP 109OL HPLC used in these studies is equipped with a column oven. However, the oven must be operated at 10 "C above ambient temperature to achieve precise temperature control. This limits operation to near 40 "C. Under these conditions, percent RSDs were 0.6% or less ( Table 2) . Although this may not be the optimum operating temperature, reasonable separa lion of the targeted PAHs was achieved.
As a practical consideration, injection volume also was investigated. Mismatch between sample solvent and mobile-phase composition can result in distorted peak shapes for early eluting components dependent, in part, on injection volume. Because of solubility considerations, the PAH standards mix was prepared in chlorobenzene, which created a solvent mismatch with the initial mobile-phase condition of 100% methanol. Under these conditions, 5 PL was found to be the maximum injection volume that did not distort peak shape.
On-Cohnn Instrument Pe7fo7mance
The on-column PB response to high-molecular-weight PAHs over a range of concentrations was evaluated. The low solubility of the standards with molecular weights greater than 352 u and lack of sufficient fullscan sensitivity required that the analysis be conducted in the SIM operating mode. The targeted PAHs were injected at seven different concentration levels that spanned a concentration range of one hundred fold for most of the targeted PAHs, starting at a low level approximating three times the estimated detection limits to a high concentration 100 times the low level mix. For PAHs with molecular weights 300 and 302 u, the concentrations ranged from 0.05 to 5 pg/mL, 0.1 to 10 kg/mL for PAHs with molecular weights 326 to 352 u, and 0.25 to 25 pg/mL for PAHs with molecular weights 376 to 450 u. An ion source temperature of 325 "C was used. Response factors were calculated as the ratio of integrated signal area to concentration. PB response to 11 of the 16 PAHs exhibited good to excellent linearity (response factor percent RSD < 20%) over the concentration range and poor linearity for five (Table 2 ). Poor linearity (response factor percent RSD > 20%) was generally observed for those PAHs in the molecular weight range 376 to 450 u. Response factors tended to increase with increasing concentration for the majority of the PAHs investigated and was more pronounced for those PAHs with molecular weights greater than 352 u. The lack of linearity is not necessarily a problem in terms of quantitative accuracy, provided the response curves are reproducible and can be modeled correctly (e.g., polynomial curve fits or pointto-point calibrations).
The IDLs under the prevailing chromatographic conditions were estimated from the same data set used to establish response curves. In this case, the data that gave a signal intensity approximating three times the signal-to-noise ratio were selected. Table 2 lists the IDLs in terms of nanograms on-column. Again, PB sensitivity for the PAHs in the molecular weight range 376-450 u was less than that in the molecular weight range 300-352 u by a factor of approximately 20. The sensitivity of on-column analysis is 2-5 times less than by flow injection.
The short-term analytical precision of a mixture that contained 13 high-molecular-weight PAHs was evaluated. An ion source temperature of 350 "C was used. Each of three standards mixtures at low (0.12-0.62 rig/FL), medium (1.5-7.7 ng/pL), and high (3.08-15.4 ng/pL) concentrations was analyzed in triplicate and the percent RSD for individual analytes at each level was determined. Each single-level triplicate analysis was conducted on the same day. All three levels displayed percent RSD values of 16% or less. These values indicate acceptable short-term precision for the three levels investigated.
For a rugged method, the initial calibration should be reproducible over an acceptable period of time. The multiday precision was evaluated by analyzing a midlevel standard that contained 13 high-molecularweight PAHs in triplicate over two separate periods of 3 and 4 days. The percent RSDs were all less than 20%, except for diindendl,2,3-cd:1',2',3'-Im)perylene, which had a RSD of 23% during the 4-day period. As ex-19956, 597-607 MEASUREMENT OF HIGH-MOLECULAR-WEIGHT PAHs petted, the multiday percent RSDs were higher than those observed on a single day. One explanation for the slightly higher percent RSDs is that the PB probe is physically removed from the vacuum manifold of the mass spectrometer when the instrument is in standby mode (necessary when it is unattended overnight). Small changes in the alignment of the PB interface from day to day could lead to small changes in the instrument response and, hence, higher percent RSDs.
Spiked Soil Recoveries
Due to low solubility and lack of pure material, three of the original 16 target analytes were left out of the soil spiking experiments because an adequate amount of spiking solution could not be prepared. These three analytes are benzda)naphthdB,l,Zcde)naphthacene, dibenzda,j)coronene, and naphthd2,3-ajcoronene. A source of possible interference is the large number and high concentration of low-molecular-weight PAHs (MW < 300 u) present in samples that contain high-molecular-weight PAHs. In previous PB LC-MS analysis done on PAH-contaminated soils, the lowmolecular-weight PAHs were present at concentrations up to several orders of magnitude greater than individual high-molecular-weight PAHs. A problem caused by the lower mass PAHs is ion-source contamination. High background levels can result when large quantities of organic molecules reach the PB ion source [26] . This may arise because the PB LC-MS mechanism for ionization requires analyte particles to volatilize upon contact with the hot ion-source surface. The volatilization is not instantaneous and is characterized by peak tailing (not observed in the UV/vis chromatogram). The SPE cleanup described in the Experimental section was found to adequately remove the bulk of the low-molecular-weight PAHs without an adverse effect on the recoveries of the target analytes.
Recoveries (average of three) from spiked blank soil (0.12-0.62 pg/g) that used the scheme outlined in the Experimental section ranged from 71 to 95% for 12 of the 13 analytes examined. One of the analytes (pyranthene) displayed a recovery of only 10%. The recovery percent RSDs ranged from 5.3 to 10.0% for the 13 analytes examined. The low recovery for pyranthene was determined to be the result of the Soxhlet extraction and not due to the WE cleanup. Table 3 lists the quantities of the target analytes in the soil. Although mass-spectral quantitation ions and retention times were used in the identification process, the overwhelming number of isomeric possibilities that arise as PAH ring size increases makes positive identification very difficult to obtain. Interference from a much larger closely eluting isomer made accurate molecular weight of PAHs is clearly evident in these chromatograms.
Analysis of a PAH-Contaminated Soil
To measure the tentatively identified compounds in the extract, a mixture of three analytes was prepared at two levels that differed by a factor of 10 (roughly encompassing the expected concentration range in the sample) and analyzed under full-scan conditions. The response factors were averaged for each analyte in the two levels and used to measure the nontarget components in the sample. The integrated peak area of the molecular ion was used for the response factor calculation. A response ratio of 1:l between the standard PAH analytes and the PAHs measured in the sample is assumed. The three PAHs were selected based on molecular weight, retention time, and stock standard solution concentration. These analytes were used to measure nontarget PAHs in a specific molecular weight range. Naphtho(2,3-b)fluoranthene (MW 302 u) was used to measure PAHs with molecular weights between 284 and 318 u; benzofa)coronene (MW 350 u) for those between 326 and 356 u; decacyclene (MW 450 u) for those between 374 and 424 u. Figure 5 . On close inspection the "baseline" actually comprises a large number of closely eluting (and coeluting) compounds. Table 4 presents the quantitative results for the tentatively identified compounds in the soil extract. Most of these compounds were clustered in groups of isomers with very similar EI mass spectra. This table lists the massto-charge ratio of the molecular ion, the retention time window in which the isomers were observed, and the estimated concentration range of the isomers at each molecular weight. Also listed in this table are the probable molecular formula and a non-isomer-specific identification with the number of isomers observed in parentheses. These identifications were based on the mass spectra and information found in the literature. The determination of the number of isomers in Table 4 was accomplished by using ion chromatograms to assess the number of individual peaks and did not take into account coeluting or very low abundance isomers. Figure 6 presents representative examples of the PB LC-MS full-scan background subtracted mass spectra of four PAHs observed in the soil extract. For comparison, the concentrations of eight commonly measured PAHs that range in molecular weights from 228 to 278 u also were determined by PB LC-MS. PAHs with molecular weights less than 228 u do not efficiently pass through the particle beam interface [181. The concentrations determined ranged from 71 pg/g for dibenzda,h)anthracene (MW 278 u) to 2200 pg/g for benzo(b)fluoranthene (MW 252 u). Benzda)pyrene (MW 252 u) was present in the soil at 410 pg/g. The high-molecular-weight PAHs measured in Tables 3 and 4 were typically l-2 orders of magnitude less abundant than the low-molecular-weight PAHs in this particular sample. from extracts of two different environmental samples. Chromatogram a in each figure is from the Pacific Northwest soil described previously; chromatograms b are from a soil sample obtained at a hazardous waste site located in the northeastern United States. This second sample was prepared for analysis by the Contract Laboratory Program (CLP). The CLP methylene chloride extract was known to contain high levels of low-molecular-weight PAHs and was analyzed here to see if high-molecular-weight PAHs were present. When the ion chromatograms from the two samples in each of Figures 7-9 are compared, some striking similarities are apparent. The chromatograms in these figures not only appear to contain the same isomers at each of the three molecular weights, but also the same relative areas. These similarities also appeared in the other ions monitored (not shown). One possible explanation for the similarities is that the two samples were collected from sites with similar types of contaminating materials. If this is the case, PB LC-MS could possibly be used to identify sources of contamination through pattern recognition. Another possible explanation is that in the formation of high-molecular-weight PAHs a selective process dictates what isomers are formed and their relative abundances. Wise et al. [15] showed that similar relative concentrations for nine PAHs with molecular weight 302 u existed in four environmental standard reference materials.
Comparison of Two PA&Contaminated Soils
Conclusion
The results of this study show that PB LC-MS can be a valuable tool for the monitoring of high-molecularweight PAHs. PB LC-MS exhibited good sensitivity to the PAHs. This sensitivity is sufficient to measure high-molecular-weight PAHs at levels present in many environmental samples. It is clear in this work and from the literature that conventional I-IPLC columns do not have the efficiency necessary to separate the bulk of the high-moiecular-weight PAH components likely to be present in a complex real-world sample. The solution may lie in increased selectivity through combinations of multidimensional chromatographic approaches and selective detection (mass spectrometry, UV, fluorescence). The PAH compounds used in these studies, although suitable for characterization of instrument performance and sample preparation schemes, were selected primarily on the basis of the availability of pure standards, not on the basis of environmental relevance. The selection of a limited set of environmentally relevant, high-molecular-weight PAHs should be based on toxicity, frequency of occurrence in the environment, and the extent of occurrence.
